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Introduction

Developmental origin and vascular development of the allantois
The allantois of the mouse emerges from the posterior end of the embryo at the neural plate stage of development as a bud of mesoderm derived from the primitive streak. 1, 2 As development proceeds, the allantois grows towards the chorion through the exocoelomic cavity. Its distal end undergoes a process of cavitation whereby the extracellular spaces increase in volume and accumulate hyaluronic acid (HA).
Although the genetic control of vasculogenesis and angiogenesis has been well reviewed in the embryo and yolk sac 6, [13] [14] [15] [16] [17] [18] , similar attention has not been given to the allantois, in spite of the importance of allantois vasculogenesis, vascular remodeling and angiogenesis in the establishment of the chorioallantoic placenta. In this review, we compile information for the allantois about genes known to be important for differentiation of vascular components and vascular network formation. In many cases, information for the allantois vasculature is lagging behind that for vasculogenesis or angiogenesis in other parts of the embryo and thus, we highlight areas where there are still gaps in our knowledge. We discuss methods for the culture of allantoises ex vivo, an experimental system that is unavailable for yolk sac or dorsal aorta, and review how this has been used as a model system to investigate vessel formation in both normal and mutant allantoises (Table 1) , with the potential to provide insights into disease and therapeutics.
Building the allantois vascular network: the known and the unknown
Vegf signaling and specification of endothelial cells
The vascular endothelial growth factor (Vegf) signaling pathway lays the foundation for formation of ECs from mesoderm and also plays a major role in angiogenesis. Vegf and its tyrosine kinase receptors, Flk1
(also known as Kdr and Vegfr-2) and Flt1 (also known as Vegfr-1), are critical for development of the vascular system. Flk1, which also marks other progenitors such as SMCs, is the earliest marker of EC lineage. 6, 19 In the early yolk sac, Flk1 marks the hemangioblasts but later in development its expression is restricted to the EC lineage. 20 In the allantois, Flk1 is expressed at the HF stage in angioblasts that will give rise to the vascular network. 5 Both Flk1 and Flt1 are expressed in the allantoises of 9-16s stage embryos in putative angioblasts and nascent blood vessels. 21 Vegf mRNA expression has been shown to be confined to the mesothelium of the allantois 22 whereas protein expression is localized to both mesothelial and core cells 21 . Thus, similar to other sites in the embryonic vasculature, Vegf expression in the allantois is associated with active Flk1 expression and is suggestive of a role in maintenance of EC For personal use only. on October 4, 2017. by guest www.bloodjournal.org From fate. Later in development both Flk1 and Flt1 are expressed in the labyrinthine vasculature of the placenta and associated labyrinthine trophoblasts, whereas the labyrinthine stromal cells express Vegf. 22 Loss of one allele of Vegf by targeted mutagenesis results in haploinsufficieny with embryonic lethality, affecting vasculogenesis and angiogenesis in both embryo and yolk sac. 23, 24 Although the development of the allantois vasculature was not studied in these mutants, it was suggested that the endothelial lining of the fetal placental vasculature degenerated. 24 Targeted mutation of the Flk1 gene resulting in a null allele causes embryonic lethality at E9 with both embryo and allantois showing a lack of mature ECs. 25 On the other hand, Flt1 null mutants show a disorganized embryonic and yolk sac vasculature and possibly an overgrowth of ECs, suggesting an inhibitory role for this receptor in vascular development. 26 However, the allantois endothelium was not examined in Flt1 mutants. In addition, VEGF coreceptors, neuropilin 1 (Nrp1) and neuropilin 2 (Nrp2) are important for vascular development. Embryos double mutant for
Nrp1 and Nrp2 die around E8.5 and show an absence of vasculature in the yolk sac and embryo.
However, the allantois was not examined in the double mutants and the expression of Nrp1 and Nrp2 in the allantois has not been determined.
27
The supporting mural cells of the allantois In addition to matrix proteins, the proteoglycan hyaluronic acid (HA), which is present in the allantois 40 , is important for angiogenesis and, depending on the context, can act as a pro-or anti-angiogenic agent. [40] [41] [42] It is synthesized by hyaluronic acid synthase 2 (Has2), which is also expressed in the allantois 39,43 as is the chondroitin sulfate proteoglycan gene, versican (Vcan), a binding partner for HA. 39 Mutation in either of these genes produces defects in endocardial cushion formation in the heart, but the allantois vasculature has not been analyzed.
44,45
Signaling pathways involved in vascular remodeling
The angiopoietin-Tie signaling pathway has been implicated in branching, remodeling and stabilization of the vascular plexus. The ligands angiopoietin1 (Ang1) and angiopoietin 2 (Ang2) and the endothelialspecific receptor tyrosine kinases, Tie1 and Tie2 (also known as 
Signaling pathways involved in differentiation between arteries and veins
Differentiation of blood vessels into arteries or veins was once assumed to be the result of physical differences such as oxygenation, blood pressure and shear forces, but there is some evidence from For personal use only. on October 4, 2017. by guest www.bloodjournal.org1 0
Wnt and Bmp signaling in blood vessel formation
The canonical Wnt family member, Wnt2 plays important roles in EC proliferation and vascular network formation in two in vitro systems, hepatic sinusoidal ECs 72 and EBs 73 . Wnt2 is expressed in the allantois throughout its growth and vascularization and Wnt2 null mutants show placental defects during late gestation. 74 Endothelial-specific loss of β -catenin, the downstream effector of canonical Wnt signaling, affects vessel diameter in the yolk sac, umbilical vessels and the cephalic plexus. Additionally, the placentas from these mutants show a reduced number of fetal blood vessels in the labyrinthine layer.
75
Rspo3, a secreted protein that can activate the canonical Wnt signaling pathway, is important for activation of Vegf. 76 Rspo3 is expressed in the allantois and its mutation leads to failure of the allantoic vessels to invade the placenta as well as vascular defects in the yolk sac.
76,77
Non-canonical Wnt5a and Wnt11 affect EC proliferation, migration and network formation in vitro.
78-80
Both Wnt5a and Wnt11 expression have been observed in the allantois. 39,81-83 Mutation of Wnt5a leads to a shortening of the A-P axis of the embryo, although it does not affect development of the allantois.
81
Most Wnt11 null mutants are embryonic lethal before midgestation, but the cause of death has not been determined 82 and thus, Wnt11 might affect the development of allantois or placental vasculature.
Bmp4 is implicated in induction of mesoderm and differentiation of mesoderm into ECs. 84 Loss of Bmp4 leads to a deficiency in the amount of mesoderm resulting in aberrant yolk sac blood island formation and a small or absent allantois. 85 Mutation of Smad1, a downstream effector of BMP signaling, results in defective chorio-allantoic fusion, but the vasculature of the allantois has not been analyzed.
86
Transcription factors important for blood vessel formation
A number of transcription factors are involved in EC and blood vessel formation in the embryo and yolk sac. A subset of these has been investigated in the allantois including Etv2, Snai1 and dHAND. Etv2
(also known as ER71 or Etsrp71) is expressed in the allantois at E7. 
Allantois culture ex vivo: advantages, limitations and methods
The allantois has many advantages as a system to study blood vessel development. First, it can be isolated from the embryo and cultured ex vivo. Because the allantois contains mesodermal cells capable of differentiating into ECs in response to signals provided by the mesothelium, mesenchyme and surrounding ECM, also present in the explant, it is a self-contained system with the potential to undergo vasculogenesis or angiogenesis in vitro. 21, 97 When isolated early (HF-1s stage), explants undergo vasculogenesis and when isolated later (4-6s stage), undergo angiogenesis. 98 Secondly, allantois explants can be imaged using time-lapse microscopy to follow the sequence of events that occur during vessel formation in vitro. 99 Finally, cultured allantois explants can be immunostained for markers of vessel formation and can be sectioned for histological analysis.
21,100
Culture methods for other areas of vasculogenesis in the embryo, including the lateral plate mesoderm and the yolk sac, have not been well established.
Hemodynamic blood flow plays an important role in remodeling, maturation and arterio-venous specification of the embryonic and yolk sac vasculature. 101,102 Such a role for hemodynamic forces has not been reported in the developing allantois vasculature and a limitation of allantois cultures is the absence of blood flow.
Adherent allantois culture
The most commonly used method to culture the allantois is in serum-containing media on tissue culture 
3D allantois culture
An alternative culture method that better preserves the 3-dimensional (3D) structure of the allantois is suspension culture in rolling tubes ( Figure 2 ). With this method, isolated allantoises round up and develop a vascularized core surrounded by an outer layer of mesothelium. These 3D structures can be sectioned to study histomorphology and gene expression patterns in detail.
21,100
Another method that preserves 3D structure is the hanging drop culture that generates allantoic spheroids For
Use of adherent allantois cultures to study gene function in blood vessel formation
VE-Cad function and signaling in blood vessel formation
106 Although initial EC differentiation occurs, the mutant phenotype is complex and which subsequent step of vasculogenesis is affected is controversial. 106,107 One interpretation is that ECs in the allantois and yolk sac fail to form a vascular plexus; the alternative interpretation is that plexus formation proceeds normally but subsequent stabilization of the plexus fails, leading to its disintegration.
97,107
Allantois cultures were used in two studies with different VE-Cad blocking antibodies (Ab) to address these alternative hypotheses. Culture of wild type allantoises in the presence of a VE-Cad Ab results in a phenotype identical to culture of VE-Cad null mutant allantoises, that is, the presence of Pecam-positive
ECs but absence of a vascular plexus. 97 In the first study, early wild type allantoises were cultured with VE-Cad Ab either during the early phase of culture followed by culture in the absence of VE-Cad Ab or vice versa. When the VE-Cad Ab was added during the initial phase of culture, vascular plexus formation was not affected. When the antibody was added in the later phase, the plexus showed disconnected clusters of ECs. These results were interpreted as a disassembly of the vascular plexus which would suggest a role for VE-Cad in plexus stabilization, rather than plexus formation. 97 However, an alternate explanation is that loss of VE-Cad function affects EC motility.
In a second study, this possibility was examined using time-lapse imaging. Wild type allantoises were cultured in the presence of Cy3-CD34, an antibody which immunolabels ECs without affecting vascular network formation allowing tracking of individual ECs during the period of vessel formation. Ab, different from the first study, does not prevent sprout initiation but prevents addition of ECs to the extending sprout, without which the sprouts regress and fail to form new interconnections to make a plexus. In addition, movement of the ECs, independent of the movement of the mesenchymal or mesothelial layers, was reduced by 50% in the presence of VE-Cad Ab. 99 Allantois culture in conjunction with live imaging has thus helped resolve the function of VE-Cad as being important for EC-autonomous motility and for contribution of ECs to sprouts during plexus formation. However, an additional role for VE-Cad in vascular plexus stability has not been ruled out, especially as distinct antibodies were used in the two studies.
VE-PTP function in blood vessel formation
Vascular endothelial protein tyrosine phosphatase (VE-PTP) is an endothelial cell specific phosphatase that associates with membrane bound Tie-2 and VE-Cad. 108,109 Embryos lacking VE-PTP die at E10 due to lack of remodeling of the embryonic vasculature and aberrant enlargement of the yolk sac vessels.
110
Addition of antibodies against VE-PTP in adherent allantois cultures leads to a similar enlargement of vessels and has thus been used to explore the mechanism of this abnormal enlargement of vessels. 111 In allantois cultures, in the absence of Tie-2 receptor, VE-PTP antibodies fail to cause vessel enlargement, on the other hand, addition of Ang1, which causes over activation of Tie-2 signaling leads to abnormally enlarged vessels. Furthermore absence of VE-PTP function and hence VE-PTP bound Tie-2, causes abnormal activation of the Ang1-Tie2 signaling leading to increased proliferation of ECs resulting in enlarged vessels suggesting VE-PTP functions to regulate the levels of signaling through the Tie-2
receptor.
111
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Role of lipids in angiogenesis
Sphingosine-1-phosphate (S1P) is a phospholipid generated by the phosphorylation of sphingosine by sphingosine kinase (SK). S1P binds to one of its receptors S1P 1 -S1P 5 and mediates signaling via heterotrimeric G protein receptors.
112 S1P plays a role in different processes important for blood vessel formation including EC migration, chemotaxis, cytoskeletal reorganization and adherence junction assembly 113 but, being a lipid, its precise role cannot be determined using in vivo mutagenesis. S1P 
Other gene functions established using allantois culture
Deficiency of RA-GEF1, a guanine nucleotide exchange factor for the small GTPase Rap1, leads to impaired vascular development and decreased plexus formation in allantois cultures as measured by and ARAP3 in sprout formation 120 (Table 2) .
Applications in disease and therapeutics
Apart from its importance in normal embryonic development, blood vessel formation plays a key role in many pathological conditions such as cancer, diabetic retinopathy, rheumatoid arthritis, obesity, age related macular degeneration and neurological disorders such as Parkinson's and Alzheimer's disease. also inhibits vascular network formation in the adherent allantois culture 120 . Additionally the allantois culture system is robust and reproducible. Methods for quantification of different parameters in this system are now available. 123 Because there is no standard model that can mimic an in vivo disease situation completely, the combined use of EC cell lines and allantois explants offers a good drug screening strategy to study the effects of the drugs on blood vessel formation.
Conclusions
The use of the allantois to study blood vessel formation is in its infancy although the studies reviewed here amply illustrate its usefulness. The allantois culture methodology allows teasing out function when a vascular defect results in early lethality and it can be used to distinguish if a vascular phenotype is primary or secondary to the loss of gene function elsewhere in the embryo. Finally, allantois explant culture provides an additional in vitro system for drug screening and establishing drug efficacy as pro-or anti-angiogenic. Thus, the allantois is emerging as an important tool to study vasculogenesis and angiogenesis in development and disease.
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